Access to each C C face of adamantylideneadamantane (AA) and sesquihomoadamantene (SA) is hindered by the hydrogenic canopy consisting of four β-hydrogens; otherwise, these olefins have quite normal environments. X-ray crystallography and density functional (DFT) calculations show a 0.5 Å larger annular opening in the protective cover of AA than that in SA. This contributes to the remarkable differences in reactivity toward various reagents, not only by limiting access to the olefin site in SA but also by inhibiting reactions which force these hydrogens closer together. Thus, AA is subject to typical olefin-addition reactions with bromine, sulfuryl chloride, m-chloroperbenzoic acid, dioxygen, and so forth, albeit sometimes at attenuated rates. On the other hand, SA is singularly unreactive under identical reaction conditions, except for the notable exceptions that include Brønsted (protonic) acids, a nitrosonium cation, and dichlorine. The exceptions are characterized as three sterically limited (electrophilic) reagents whose unique reactivity patterns are shown to be strongly influenced by steric access to the C C center. As such, the different degrees of steric encumbrance in the isomeric donors AA and SA shed considerable light on the diverse nature of olefinic reactions. In particular, they evoke mechanistic features in electrophilic addition versus electron transfer, which are otherwise not readily discernible with other less hindered olefinic donors. Transient structures of the olefinic-reaction intermediates such as the protonated carbocations AA−H + and SA−H + as well as the cation radicals AA •+ and SA •+ are probed by the combination of X-ray crystallographic analyses and density functional theoretical computations.
Introduction
Dual reactivity of olefinic donors is known by their susceptibility to different electrophiles, such as Brønsted and Lewis acids, chlorine, bromine, and so forth, 1,2 as well as various inorganic oxidants, such as permanganate, nitrosonium, ferric and cupric salts, and so forth. 3, 4 Electrophilic reactivity is commonly considered to involve a two-electron process via a diamagnetic (carbocationic) intermediate, 5 whereas olefin oxidations can be stepwise (one-electron) processes and involve paramagnetic (cation-radical) intermediates. 6 However, it is also possible that an electrophilic reaction of an olefin may actually proceed via two successive electron-transfer steps. 7 In this mechanistic situation, an olefin cation radical is the viable intermediate, although it may not be experimentally detected, owing to a fast subsequent (follow-up) step.
We recently compared olefin reactivities under both electrophilic and electron-transfer perturbations and came to the conclusion that the two mechanistic pathways are very difficult to differentiate. 8 Since steric hindrance has been successfully employed to distinguish concerted and stepwise mechanisms, we sought a sterically encumbered olefin to test the viability of the electron-transfer mechanism in some typical electrophilic reactions. Indeed, stepwise and concerted processes have been clearly delineated by Brown and co-workers in bromine addition to the quasi-hindered adamantylideneadamantane (AA). 9 Thus, our starting point is to focus on AA and its closely related isomer sesquihomoadamantene (SA), 10 where the steric hindrance due to the rigid (cage) structure (see Chart 1) is even greater. 11 Chart 1 In this study, the contrasting behaviors of these isomeric olefins are considered in the light of subtle differences in the steric properties of AA and SA and the molecular structures of their cation radicals. Thus, the availability of single crystals of AA and SA allows the experimental examination of their cage structures (by lowtemperature X-ray crystallography) that are congruent with those given by density functional theoretical (DFT) calculations. This success is also applied to the structure of the open-shell cation radical SA •+ , recently determined by X-ray crystallography, 12 and to AA •+ which is too transient to isolate. Numerous species too transient to characterize have also been computed with DFT, and their energies have been evaluated.
Results
I. Steric Hindrance in the Olefinic Donors AA and SA. High quality single (colorless) crystals of AA and SA (synthesized by literature methods 10 and purified by chromatography on silica gel; see Experimental Section) were obtained by careful crystallization from diethyl ether at −30 °C. X-ray crystallographic data were collected at −150 °C and to relatively high diffraction angles (sin θ/λ ≤ 0.8) so that the precision of the pertinent bond distances in Table 1 is ±0.1 pm and that of the bond angles is ±0.05°. 13 The molecular structures of adamantylideneadamantane and sesquihomoadamantene calculated by density functional theory (DFT) at the B3LYP/6-31G* level are included in Table 1 for comparison. The agreement between the experimental and theoretical structures of AA and SA is given by the numbers in columns 4 and 7 of Table 1 .
The carbon−carbon double bonds in both AA and SA have normal bond lengths and are precisely planar; the rigid cage structures ensure minimal conformational distortions. The C−C bond distances and bond angles in AA are those expected for an essentially strain-free olefin, but SAhas the modest strain associated with the seven-membered rings, causing a slight contraction of the C C−C ring angles. In agreement, the DFT computations find both AA and SA to be energy minima in D2h symmetry; SA is 10.7 kcal/mol less stable than AA when corrections for the zero-point energies are included.
Most importantly, steric hindrance is imposed by virtue of a set of four β-protons lying directly over each face of the double bonds (Chart 1). In AA, the protective cover of four β-protons forms a rectangular array so that the nearest (nonbonded) neighbors are separated by 2.50 Å (β,β) and 3.62 Å (β,β'), as illustrated in the left perspective in Chart 2. DFT computations lead to essentially the same separations of 2.61 Å (β,β) and 3.66 Å (β,β'). Moreover, the α-protons lying in the equatorial (C C) plane are in closer van der Waals contact; the α,α' separations are 1.85 and 1.89 Å (DFT).
By way of contrast, in SA the four β-protons describe a slightly elongated square; the 2.56 Å (β,β) and 3.00 Å (β,β') distances are more nearly equal, and the corresponding DFT separations are 2.61 and 3.02 Å, respectively. The α-protons in SA are separated by greater distances [1.98 and 2.00 Å (DFT)] than they are in the isomeric AA.
On the basis of the X-ray crystallographic as well as the DFT calculations, we conclude that the steric access to the double bond in AA is limited to a van der Waals annular opening of 2.0 Å diameter, whereas in SA it is significantly less (1.5 Å). 14 Otherwise, there is basically minimal difference in the overall structural morphology between AA and SA.
II. Electron-Donor Properties of the Olefinic Donors AA and SA. Olefin reactivity can be conveniently evaluated according to its electron-donor properties, as quantitatively judged by the reversible oxidation potential (E°ox) in solution. 7b,15 To this end, we found the electrochemical oxidation of 5.0 mM adamantylideneadamantane (AA) in anhydrous dichloromethane (containing 0.2 M tetra-n-butylammonium hexaflurophosphate) to show a reversible cyclic voltammogram with a cathodic/anodic peak current ratio of ia/ic = 1.0 (theoretical) at a scan rate of v = 100 mV s -1 . Calibration of the peak currents with ferrocene provided the reversible oxidation potential E1/2 = 1.46 V versus SCE which compares with 1.45 V originally measured by Nelsen and co-workers 15a for the reversible production of the AA cation radical. The isomeric sesquihomoadamantene (SA) underwent the same reversible electrochemical oxidation at a similar reversible potential of E1/2 = 1.34 V versus SCE. The difference in these E°ox evaluations of 0.12 mV (which agrees with Nelsen's 34b 2.8 kcal/mol difference and with the computed gas phase difference of 2.3 kcal/mol) confirms that the donor strengths of AA and SA are thermodynamically rather similar.
The most pronounced difference between AA and SA as olefinic donors lies in the lifetimes of the cation-radical products AA •+ and SA •+ . For example, the bulk electrolysis of sesquihomoadamantene (SA) at an anodic potential of E = 1.3 V produced the dark purple solution of SA •+ in dichloromethane from which the pure salt SA •+ PF6 -could be isolated in high yields. In marked contrast, the isolation of the cation radical of adamantylideneadamantane (via bulk electrolysis under the same conditions) was singularly unsuccessful, owing to the rapid decomposition of AA •+ even at −78 °C. Indeed, the metastable character of AA •+ in anodic oxidation coincides with previous oxidation studies of adamantylideneadamantane by Nelsen and co-workers 15,34b from which its intrinsic lifetime can be estimated as <5 s. 16 III. Chemical Oxidation of the Olefinic Donors AA and SA. The chemical (one-electron) oxidation of olefinic and related donors is conveniently effected by nitrosonium (NO + ), owing to its reversible reduction potential E°ox = 1.48 V in dichloromethane. The removal of the gaseous reduction product (NO) ensures a chemically irreversible oxidation.
A solution of the sesquihomoadamantene (SA) in dichloromethane was added to the crystalline salt NO + SbCl6 -(under an argon atmosphere) at ∼ −78 °C. Continued stirring and removal of nitric oxide (by bubbling argon through the dark solution) afforded a bright purple solution (see Experimental Section). Spectral (UV−vis) analysis of the deep purple solution showed a characteristic absorption spectrum with absorption bands at λmax = 360 (ε360 = 4000 ± 200 M -1 cm -1 ) and 485 nm, as reported by Nelsen and co-workers 15c for the quantitative formation of SA •+ which was determined spectrophotometrically, that is, (Note that the absorption spectrum of the SA •+ cation radical was identical to that obtained above by electrochemical oxidation in dichloromethane.) The purple salt was isolated as a microcrystalline powder by slow diffusion of toluene into the dichloromethane solution of SA •+ SbCl6 -at −78 °C; it could be quantitatively reduced back to the neutral donor with iodide, that is, The titration of the liberated iodine with aqueous thiosulfate indicated the purity of the isolated SA •+ SbCl6 -to be greater than 98%. Most importantly, the extraction of the aqueous layer with diethyl ether after iodide reduction (followed by chromatographic purification) led to the recovery of the neutral sesquihomoadamantene (SA) in essentially quantitative yield.
Oxidation of adamantylideneadamantane (AA) was also readily effected with nitrosonium hexachloroantimonate under the same conditions, although we were unable to directly observe AA •+ cation radical, as judged by repeated spectral examinations. 16c Indeed, our inability to isolate any free olefin from the reaction mixtures (after iodide reduction) accords with the rapid (and irreversible) decomposition of AA •+ observed in bulk electrolysis (vide supra).
IV. Molecular Structures of the Olefinic Cation Radicals SA •+ and AA •+ . The cation-radical salt SA •+ SbCl6 -was recrystallized and successfully isolated as dark purple crystals by the slow diffusion of hexane into a dilute (dichloromethane) solution at −50 °C. Single-crystal analysis by X-ray crystallography at −150 °C (Table 2) clearly establishes a 29° twist of the central olefinic bond in SA •+ compared to that in the planar (neutral) donor SA itself, as predicted theoretically. 17-21 A careful comparison of the X-ray structure of the sesquihomoadamantene cation radical with the molecular structure obtained by theoretical calculations at the B3LYP/6-31G* level 22 is summarized in Table 2 . It is noteworthy that the X-ray and theoretical structures of SA •+ by and large yield bond distances and bond angles that are coincident to within 1 pm and 1°, respectively. 14b The dihedral angles were reproduced with slightly less reliability, but the pronounced twist about the central (olefin) bond of φ = 29.0 ± 0.2° was unmistakable. 
.1 a α and α' are angles between bonds ab and ab', respectively. b τ and τ' are dihedral angles between planes determined by bonds la/ab and la/ab', respectively.
The transient character of the cation radical from adamantylideneadamantane (AA •+ ) precluded the isolation of a crystalline salt for X-ray analysis. Hence, we relied on the B3LYP/6-31G* optimized geometry of AA •+ , since the validity of such open-shell computations was established for SA •+ . Indeed, the calculated bond lengths and bond angles in AA •+ are similar to those established for the isomeric SA •+ in Table 2 .
The changes in molecular structure accompanying the oxidation of olefin donors to their cation radicals are summarized in Table 3 for sesquihomoadamantene (SA) on the basis of X-ray crystallography and density functional theoretical calculations. Table 3 also includes the calculated changes for the isomeric adamantylideneadamantane (AA) together with those of the parent acyclic analogue tetramethylethylene (TME) for comparison. Tables 1 and 2 for definitions. b TME = tetramethylethylene. c The distance between α-hydrogens.
The results in Table 3 show that the cation radicals of the alkyl-substituted ethylenes with rigid (cage) substituents (i.e. SA and AA) and nonrigid substituents (i.e. TME) experience a significant twist around the central olefinic C C bond. However, the magnitude of the twist varies roughly with the elongation of the olefinic bond, which is greatest (8.2 pm) in the cation radical of tetramethylethylene (TME •+ ) and is least (6.6 pm) with sesquihomoadamantene (SA). As such, our estimate based on Pauling's bond-distance relationship 23 indicates that the central π-bond order of TME •+ (1.28) is less than that of SA •+ (1.41), in accord with greater electron delocalization via σ−π hyperconjugation. Therefore, the larger twist in AA •+ (20.9°) and SA •+ (24.1°) relative to that in TME •+ (11.6°) is probably due to other (steric) factors inherent in the rigid bicyclic frameworks. Besides twisting, the acyclic TME •+ can relieve nonbonded H···H repulsions (e.g., the closest approach of 1.93 Å in TME, but 2.30 Å in TME •+ ) by methyl rotation, which is not possible in either AA •+ or SA •+ . The closest computed H···H separations 1.89 Å in AA and 2.00 Å in SAactually decrease in the planar (D2h) conformations of AA •+ (to 1.86 Å) and SA •+ (to 1.98 Å). Twisting to the D2v minima results in substantial elongations to 1.99 and 2.10 Å, respectively. (Note that all these nonbonded separations are still less than the sum of 2.4 Å on the basis of the ideal hydrogen van der Waals radius.) The careful comparison of the bondlength and angular changes accompanying the oxidation of the neutral olefinic donor, as summarized in Table 3 , thus shows that the pronounced twist in the cation radical cannot be due to the relief of steric strain. Indeed, the central C C bond lengthens by 5 pm, which coupled with the other changes in C−C bond lengths leads to an overall enlargement of the annular opening (vide supra) by about 5% in both adamantylideneadamantane and sesquihomoadamantene. The relative steric access to the olefinic chromophores in AA and SA does not experience a dramatic change upon oxidative conversion to their radical cations.
V. Divergent Reactivity of Olefin Donors AA and SA to Electrophiles. Exposure of adamantylideneadamantane (AA) to a variety of electrophiles such as bromine, sulfuryl chloride, iodine monochloride, m-chloroperbenzoic acid, oxygen, and so forth leads to typical olefin-addition reactions, albeit sometimes at somewhat attenuated rates. [24] [25] [26] [27] [28] On the other hand, when sesquihomoadamantene (SA) is treated with the same electrophiles under identical reaction conditions, no change is observed, even after prolonged periods of exposure. There are however three notable exceptions. Thus, various protonic acids (HX), nitrosonium (NO + ), and chlorine (Cl2) react with SA as well as AA in unique ways that shed considerable light on the nature of olefin reactivity. Accordingly, we examined each of these rather small electrophilic reagents with an eye toward understanding the different reaction pathways.
A. Nitrosonium Oxidations to Olefin Cation Radicals. Nitrosonium (NO + ) usually acts as an electrophilic reagent capable of readily forming carbocationic intermediates by an initial addition of NO + to alkene and arene donors. 29 However, nitrosonium reacted rapidly with adamantylideneadamantane via electron transfer to afford the cation radical AA •+ in high yields. 30 When the reaction was carried out in the presence of dioxygen, AA •+ was intercepted by rapid oxygen transfer to afford the epoxide as the basis for an efficient catalytic process. 31 Sesquihomoadamantene and NO + reacted with similar speed to afford SA •+ quantitatively, as described in eq 2. However, the cation radical SA •+ was inert to dioxygen, and it persisted unchanged for prolonged periods. Indeed, SA •+ is one of the very few carbon-centered radicals that is impervious to dioxygen.
The divergent behaviors of AA •+ and SA •+ to further reactions of the electrophile can be attributed to differences in thermodynamic driving forces 11 as well as steric access of a given reagent to the cation-radical center of the olefinic moiety. Indeed, the van der Waals annulus of 1.6 Å in SA •+ is just sufficient to allow only a proton to enter. 32 Accordingly, we next turn our attention to the comparative behavior of Brønsted acids toward AA and SA.
B. Proton Transfer to the Olefin (C C) Bond. A prechilled solution of adamantylideneadamantane in dichloromethane was mixed with trifluoromethanesulfonic acid at −10 °C under an argon atmosphere. NMR analysis of the colorless acidic solution at −30 °C showed characteristic resonances at δ 208. 4, 48.7, 44.7, 35.2, and 27 .6 in the 13 C NMR spectrum due to the protonated AA−H + . 33 After neutralization with saturated aqueous bicarbonate, quantitative GC and GC−MS analyses of the crude reaction mixture using the internal standard method showed that the neutral donor AA was recovered in 98% yield together with traces of unidentified products. These observations are consistent with the earlier NMR investigation by Olah and co-workers 33 in which proton transfer was ascribed to a pair of rapidly equilibrating nonbridged carbocations on the NMR time scale, that is, The protonated AA−H + is remarkably persistent, sufficient for the neutral olefin to be recovered quantitatively by simple treatment with aqueous sodium bicarbonate.
The exposure of the isomeric sesquihomoadamantene (SA) to strong acids (sulfuric acid, trifluromethanesulfonic acid, fluorosulfonic acid, etc.) in dichloromethane at −78 °C led to the rapid and quantitative isomerization to adamantylideneadamantane (AA), that is, The isomerization in eq 6 can also be effected with weaker acids (such as methanesulfonic acid and trifluoroacetic acid), however only at room temperature and after prolonged stirring, as described in Table 4 . The spectral examination of the reaction mixture gave no indication that any cation radical SA •+ was produced during the isomerization of SA in eq 6. Hence, proton transfer to the olefinic carbon center must occur in a single step, since control experiments established that SA •+ , if it were an intermediate, could have persisted under the acidic conditions. Unlike AA, the conjugate acid of SA was unstable and rapidly rearranged to that of AA via successive Wagner−Meerwein shifts. 34
The driving force for such a facile (C−C) rearrangement is consonant with the 10.7 kcal/mol greater ground-state DFT energy for SA which may be attributed to the strain of its seven-membered rings. Indeed, the same B3LYP/6-31G* computations show that the initial protonated forms of A−H + and of SA−H + both favor classical twisted (C1 point group) structures with AA−H + being 9.2 kcal/mol more stable (i.e. about the same difference as that between AA and SAthemselves). As a consequence, the (gas phase) proton affinities (to give the most stable AA−H + and SA−H + forms) are computed to be nearly the same, 227.9 and 228.9 kcal/mol, respectively. Hence, there is no significant difference in the Brønsted basicities of the two olefins.
The nonclassical, symmetrically bridged (C2v point group) geometries of AA−H + and SA−H + represent the transition states for the degenerate proton migration (illustrated for AA in eq 5). The isomerization barriers of 9.6 kcal/mol for AA−H + and 10.7 kcal/mol for SA−H + reflect the relief of steric strain of the classical forms upon twisting. The twisting effect is shown directly by the energy of classical, untwisted SA−H + , computed by imposing Cs symmetry, which is only 2.9 kcal/mol lower in energy than the (C2v) transition state but 7.8 kcal/mol less stable than the twisted form.
C. Chlorination of the Olefin Donors AA and SA. Electrophilic chloronium (Cl + ) transfer to adamantylideneadamantane was readily effected by selective chlorinating agents such as antimony pentachloride and sulfuryl chloride at low temperatures. 35 X-ray crystallographic analysis of adamantylideneadamantane chloronium cation (AA−Cl + ) established its symmetrically bridged structure 1 in the dihydrotrichloride salt AA−Cl + H2Cl3 -produced from SO2Cl2 at −78 °C (Figure 1 ). However, this structure was easily perturbed to the quasi-bridged structure 2 in the hexachloroantimonate salt AA−Cl + SbCl6 -produced from SbCl5 at higher temperatures, as depicted in Chart S1 (see Supporting Information). 35, 36 Despite the slight structural variations in 1 and 2, the crystallographic structures strongly support direct chloronium transfer to the olefinic center of adamantylideneadamantane from both SO2Cl2 and SbCl5. Furthermore, the addition of AA to a colored (yellow) solution of dichlorine in dichloromethane at −30 °C rapidly led to bleaching; the reaction mixture afforded multiple products, including the chloronium adduct 1, as well as a mixture of (poly)chlorinated AA derivatives. The latter were partially elucidated by careful separation of a single crystalline hexachloro derivative 3. X-ray crystallography unambiguously established only four (equivalent) β-methylene positions in AA to be monochlorinated, as shown by the ORTEP diagram ( Figure S1 in the Supporting Information) previously reported by Mori et al. in ref 35b . Removal of the solvent from the filtrate revealed the presence of several other unidentified products, most likely consisting of the partial chlorination of the eight β-methylene positions in AA, for example, By way of contrast, chloronium transfer to sesquihomoadamantane (SA) does not occur with either antimony pentachloride or sulfuryl chloride, even upon exposure at higher temperatures for prolonged periods. It is also noteworthy that chloronium transfer to the olefinic center of SA from dichlorine in dichloromethane at −78° does not lead to an isolable chlorine adduct. Instead, selective substitution via chlorination of one or more β-hydrogens occurred, that is, to yield a chlorinated mixture that was examined by X-ray crystallographic analysis (see Experimental Section). Since spectral analysis during the course of reaction did not detect the cation radical SA •+ , if it were an intermediate, it must have been highly transient. We conclude that chloronium transfer to the olefinic center of SA was not a viable pathway like that observed with adamantylideneadamantane (AA). 
Discussion
X-ray crystallographic analyses and DFT computations establish the structurally related olefinic isomers adamantylideneadamantane (AA) and sesquihomoadamantene (SA) to differ only slightly (by less than 0.5 Å) in the steric access to the olefinic centers. This is illustrated in Chart 2 that shows the dimensions of the canopies over the olefin centers (provided by four β-protons). Despite this small difference, the olefin reactivities of AA and SA to electrophilic reagents are strongly differentiated, except with the smallest reagent. For example, proton transfer to the olefinic centers is (more or less) equally rapid to both AA and SA, the rates generally paralleling the strength of the Brønsted acid (Table 4 ). The absence of any significant steric differentiation of AA and SA to proton transfer is in accord with the annular opening in the hydrogenic cavity 2.0 and 1.5 Å which are both large relative to the entering protonic electrophile. 32 As such, we conclude that proton transfers directly through the opening to the olefinic carbon centers are most likely to proceed in a single step, that is, particularly since the cation radical SA •+ is not an (observable) intermediate in eq 9.
The ease of electron transfer from an olefinic donor to the nitrosonium cation, that is, is limited by the innersphere contact between the C C center and NO + with van der Waals radii 1.7 and 1.6 Å, respectively. 37a In the case of the olefinic donor SA, the hydrogenic canopy of four endo β-hydrogens restricts the access to the olefinic center and it precludes the direct attachment of the electrophilic NO + to form a cationic σ-adduct involving a new C−NO bond. The same restriction also applies to AA, but to a smaller degree (vide supra). As such, the >C C</NO + interaction is limited to an inner-sphere complex in which the separation of NO + from the olefinic plane is restricted to a van der Waals contact of 3.25 Å. 37b This limitation is graphically depicted as the side perspectives of the inner-sphere complexes of AA and SA in Chart 3, drawn to scale. 37d The large circles represent the limits of the van der Waals radii of the four β-hydrogens, and the shaded circle represents the van der Waals radius of the reactive nitrogen end of the nitrosonium cation that is placed 3.25 Å above the C C chromophore (for ready visualization).
Chart 3
Chart 3 shows that the annular openings in both AA and SA are too small to allow penetration of NO + into the interior cavity. However, the side perspective (left) in Chart 3 indicates that the annular opening in AA is just sufficient to permit the van der Waals contact of NO + with the olefinic center, certainly to effect electron transfer, as in eq 10. Moreover, the inner-sphere contact for NO + and SA shown in Chart 3 (right), although somewhat tight, also falls within the van der Waals limitation for effective electron transfer. 37c As a consequence, the otherwise electrophilic nitrosonium cation has no choice but to act as a one-electron oxidant.
The comparative (chemical) behavior of AA and SA toward dichlorine is particularly informative, since only the former leads to the bridged chloronium adduct (AA−Cl + ). However, the overall transfer of Cl + to AA is accompanied by the pyramidalization of both olefin carbon centers (by 16°) to allow the entering Cl to fit into an enlarged cavity at the expense of pushing the four β-protons on the opposite face to within van der Waals contact, as shown by the side perspective in Chart 4. (Note that the shaded circle represents the van der Waals limit of the bridging chlorine.) Chart 4 Let us now consider how such a facile "forced" entry of a chlorine atom through the restricted opening of AA can occur. Indeed, the appearance of byproducts involving (multiple) chlorinations at the relatively unactivated aliphatic β-methylene positions (described in eqs 7 and 8 and shown by the isolation of the hexachloro derivative 3 in eq 7) suggests that chlorine atoms may be involved as intermediates. 38 This conclusion is coupled with the fact that SA is not inert but instead reacts with dichlorine to effect an analogous β-chlorination, as in eq 8. The absence of a bridged chloronium adduct (SA−Cl + ) is consistent with the restricted annular opening in SA plus the fact that pyramidalization of the olefinic centers is much more difficult in SA than in AA. 39 As such, we suggest that an (initial) electron-transfer process via an inner-sphere complex (much like that with NO + in eq 10) best accommodates these rather disparate observations, that is, Such an electron transfer involving dichlorine has been previously shown with other organic donors, 40 and it yields an olefin cation radical which is significantly more conformationally flexible 41 to allow chlorine to enter the cavity of AA (eq 12), for example, If so, the subsequent transfer of chlorine in eq 12 most likely proceeds via the prior mesolytic cleavage of the reduced (anionic) dichlorine moiety, that is, Cl2 •-→ Cl -+ Cl • , 42 followed by homolytic coupling of the cation-radical/chlorine-atom pair. 43 
Summary and Conclusion
The variability in the protective (hydrogenic) canopy in the isomeric donors, adamantylidenadamantene (AA) and sesquihomoadamantene (SA), allows olefinic reactivity toward different electrophiles and oxidants to be selectively modulated, SA being singularly unreactive except to three sterically limited reagents. Thus, proton transfer to the olefinic center occurs with equal facility to both AA (eq 5) and SA (eq 6) and the absence of cation-radical intermediates (SA •+ ) strongly indicates that the carbocationic adduct is formed in a single concerted step (eq 9). Moreover, electron transfer from AA and SA also occurs with equal facility to NO + , since the annular openings in their hydrogenic canopies are both sufficient to allow NO + to approach to within a distance requisite to achieve van der Waals' contact for effective inner-sphere electron transfer (Chart 3). 46 The different steric requirements of AA and SA evoke rather unusual reactivity patterns in olefin chlorinations with Cl2. Thus, the electrophilic transfer of Cl + occurs to afford the bridged chloronium adduct AA−Cl + , despite the incursion of some skeletal deformations. However, the considerable amounts of chlorination of both AA and SA at the relatively unactivated aliphatic (β-methylene) positions are attributed to the significant presence of cation radicals (as transient intermediates) that we relate to an initial electron-transfer process (eq 11). As such, "electrophilic" chlorination of olefins is presented as a two-step process involving the prior formation of olefin cation radicals (i.e. eqs 11 and 12). 43b In this way, we believe that steric encumbrances and differences in thermodynamic driving force 11 in the isomeric donors AA and SA evoke mechanistic features which are otherwise not so readily apparent with other (less hindered) olefinic donors.
Experimental Section
I. Materials. A mixture of adamantylideneadamantane (AA) and isomeric sesquihomoadamantene (SA) was obtained according to literature procedure 10,12 and subjected to the standard conditions of epoxidation using mchloroperbenzoic acid in dichloromethane for 1 h at 0 °C. The aqueous workup followed by chromatographic purification on silica gel using hexane as eluent yielded pure sesquihomoadamantene (SA) (24%) together with adamantylideneadamantane oxide 10 (51%). Recrystallization of both SA and AA from anhydrous diethyl ether at Dichloromethane was repeatedly stirred with fresh aliquots of concentrated sulfuric acid (∼20 vol %) until the acid layer remained colorless. After separation, it was washed successively with water, aqueous sodium bicarbonate, water, and aqueous sodium chloride, and then dried over anhydrous calcium chloride. The dichloromethane was distilled twice from P2O5 under an argon atmosphere and stored in a Schlenk flask equipped with a Teflon valve fitted with Viton O-rings. The hexane and toluene were distilled from P2O5 under an argon atmosphere and then refluxed over calcium hydride (∼12 h). After distillation from CaH2, the solvents were stored in the Schlenk flasks under an argon atmosphere.
II. Instrumentation. The UV−vis absorption spectra were recorded on diode array and UV−vis−NIR spectrometers. The 1 H and 13 C NMR spectra were obtained on a NMR spectrometer. The electrochemical apparatus and the procedures for the determination of oxidation potentials and for the preparation of cation radicals have been described elsewhere. 47 
III. Preparative Isolation of Sesquihomoadamantene Cation-Radical Salt (SA •+ SbCl6 -).
A 100-mL flask equipped with a Schlenk adapter was charged with nitrosonium hexachloroantimonate (73.0 mg, 0.2 mmol), and a chilled (−78 °C) solution of SA (53.6 mg, 0.2 mmol) in dichloromethane (20 mL) was added under an argon atmosphere. The heterogeneous mixture immediately took on a purple coloration which intensified with time. The highly colored mixture was stirred for 1 h to yield a dark purple solution of SA •+ SbCl6 -[λmax (nm) = 360, 485 nm]. This solution was carefully layered with cold hexane (30 mL) and stored in a cold bath at −78 °C for 24 h. After this time lapse, the dark red (microcrystalline) precipitate was formed. The dark colored precipitate was quickly filtered under an argon atmosphere, washed with cold hexane (2 × 10 mL), and dried in vacuo at −50 °C for 6 h. The cation-radical salt SA •+ SbCl6 -(99 mg, 82%) was stored at −78 °C.
The purity of the isolated cation radical SA •+ SbCl6 -was determined by iodometric titration, as follows. A solution of SA •+ SbCl6 -(63 mg, 0.105 mmol) in cold dichloromethane (20 mL) was added to a solution containing excess tetra-n-butylammonium iodide (370 mg, 1 mmol) in dichloromethane (5 mL) at −78 °C, under an argon atmosphere, to afford a dark brown solution. The mixture was stirred for 5 min and was titrated (with rapid stirring) by a slow addition of a standard aqueous sodium thiosulfate solution (0.01 M) in the presence of a starch solution as an internal indicator. On the basis of the amount of thiosulfate solution consumed (26.3 mL), the purity of the cation radical was determined to be >97%. With the same procedure, the cation-radical content was also estimated to be greater than ∼95% in an electrochemical experiment (vide supra).
IV. Oxidation of Various Organic Donors
Using SA •+ SbCl6 -. The identity of the isolated cation radical SA •+ is further confirmed by its ready ability to quantitatively oxidize a variety of electron-rich organic donors 48 to the corresponding cation radicals. For example, a 0.21 mM solution of SA •+ SbCl6 -(λmax = 360 and 485 nm; ε = 4000 and 200 M -1 cm -1 ) in anhydrous dichloromethane (3 mL) under an argon atmosphere at −78 °C was transferred to a 1-cm quartz cuvette equipped with a Schlenk adapter and a side arm which contained the solution of the hydroquinone ether CRET (1.1 equiv). 49 When the two cold solutions were mixed, the reaction mixture immediately turned bright green and the UV−vis spectral analysis confirmed the formation of CRET •+ (λmax = 518 and 486 nm; ε518 = 7300 M -1 cm -1 ). 37 In a similar manner, a variety of other electron-rich donors with E°ox < 1.35 V versus SCE were oxidized quantitatively with SA •+ , and the spectra of the donor cation radicals were identical to those obtained by oxidation with either chloranil/methanesulfonic acid 8 or triethyloxonium hexachloroantimonate. 50 V. Isomerization of Sesquihomoadamantene (SA) with Brønsted (Protic) Acids. To a cold (−78 °C) solution of SA (20 mg) in dichloromethane (10 mL) was added 0.1 mL of trifluoromethanesulfonic acid at once. The resulting mixture was stirred for 10 min at −78 °C, and the reaction was quenched (rapidly) with saturated aqueous sodium bicarbonate (10 mL). The organic layer was separated, and the aqueous layer was extracted with dichloromethane (2 × 20 mL). The combined organic layer was dried with magnesium sulfate and evaporated to afford 19 mg of pure adamantylideneadamantane (AA), as confirmed by GC, GC−MS, and NMR spectroscopy. A similar procedure was employed for the isomerization of SA with other acids (see Table 4 ).
The cation radical SA •+ PF6 -is stable in a mixture of CH2Cl2 (3 mL) and CF3SO3H (0.3 mL) at −30 °C for at least 30 min. Workup of the reaction mixture by stirring the solution with solid sodium carbonate followed by tetra-nbutylammonium iodide yielded neutral SA (∼85%) together with AA (≈5%).
A solution of AA (10 mg) in dichloromethane-d2 (1 mL) was treated quickly with 0.1 mL of trifluoromethanesulfonic acid at −30 °C, and the NMR spectra were recorded.
VI. Isolation of the Crystalline Salt of the Symmetrically Bridged Chloronium Adduct 2.Adamantylideneadamantane (102.5 mg, 0.16 mmol) was dissolved in 10 mL of dichloromethane at −78 °C under an argon atmosphere. Sulfuryl chloride (50 mg, 0.37 mmol) was added with vigorous stirring under a reverse argon flow, whereupon the solution turned blue green. Cold hexane (30 mL) was carefully topped onto the surface of the dichloromethane solution, and the mixture was maintained at −80 °C for 15 days. The hydrogen chloride moiety in the crystalline salt was probably due to adventitious water.
VII. X-ray Crystallography. The intensity data for all the compounds were collected with the aid of a diffractometer equipped with a CCD detector using Mo Kα radiation (λ = 0.710 73 Å), at −150 °C unless otherwise specified. The structures were solved by direct methods 51 and refined by a full matrix least-squares procedure with computers. The details of the X-ray structures described in the Supporting Information are on deposit and can be obtained from Cambridge Crystallographic Data Center, U.K.
VIII. Computational Methods.
Density functional theory at the B3LYP/6-31G* level, as implemented in the Gaussian-98 program and detailed in the Supporting Information, was employed for the geometry optimizations, since the structures can be expected to be quite accurate. 22 Vibrational frequency computations established the stationary points as minima or as transition structures. In the latter cases, the symmetries were reduced, the geometries were reoptimized, and the frequencies were rerun. The zero point energies (ZPE) were applied uncorrected to the energy evaluations.
IX. Reaction of Sesquihomoadamantene (SA) and Adamantylideneadamantane (AA) with Dichlorine (Cl2). To a solution of sesquihomoadamantene (SA) (200 mg, 0.75 mmol) in dichloromethane (20 mL) at −30 °C was added a solution of dichlorine (2 mmol). The pale yellow mixture was stirred for 1 h and evaporated to dryness in vacuo. The resulting (colorless) crude solid (252 mg) contained a mixture of unidentified products together with unreacted SA. Note that this white solid readily dissolved in most common organic solvents such as dichloromethane, chloroform, ether, and so forth. Recrystallization of the crude solid from diethyl ether at −30 °C afforded single well-formed (visually) colorless crystals. An X-ray examination of the crystals revealed that they were quite similar to crystals of pure SA studied earlier. However, the diffraction quality of these crystals was unexpectedly low (absence of high-angle diffractions), and the cell dimensions were systematically larger than those of the pure compound [e.g., at −150 °C, a = 6.634(1) Å, b = 12.091(1) Å, c = 9.658(1) Å, β = 90.140(4)°, V = 774.7(4) Å 3 , which represents a cell volume that is 4.5% larger than that of pure SA]. X-ray structural analysis resulted in a structure identical to SA but with very large thermal displacement parameters and with some large uncompensated peaks of electron density in the difference Fourier maps. These peaks were found at a distance of 1.76 Å from the β-carbons (although it gave some unreliable intermolecular contacts) and were successfully refined as chlorine atoms with population coefficients of about 4%. The best trial model included four (out of a total of eight) exo-β-hydrogens in the SA molecule partially substituted by chlorines and gave an R-factor close to 0.11. On the basis of the X-ray structural results, we consider the anomalous crystals of SA obtained from the chlorination mixture to be a solid solution (∼4 mol %) of β-chlorinated products within the effectively disordered crystalline matrix of the SA itself. Unfortunately, the severe disorder in the crystal precluded the determination of accurate molecular structures of the chlorinated SA. Adamantylideneadamantane (AA) was added to a solution of dichlorine in CH2Cl2 at −30 °C, and the resulting pale yellow solution was layered with prechilled (−30 °C) hexane. A well-formed crop of crystals was obtained after a three-day period at −23 °C and mounted for X-ray crystallographic analysis.
